In this paper, a fuzzy logic control strategy is proposed for solving trajectory tracking control issues of an uncertain manipulator. Fuzzy logic is utilized to compensate for nonlinear uncertainties in manipulator dynamics and full-state constraints are involved in full-state feedback controller design for ensuring motion constraints during movement processes. Disturbance observer (DO) is designed to counteract the effects of unknown nonlinear disturbances caused by friction force or other various forms of disturbance. Combining with Lyapunov theory and back-stepping method, the proposed method can guarantee error signals in closed-loop system semi-globally uniformly bounded (SGUB). In view of safe operation, tangent barrier Lyapunov functions (tBLFs) are chosen to maintain joint angle and velocity in a predefined constrained region in tracking processes. Finally, simulation results are carried out to show the effectiveness of our proposed control strategy.
I. INTRODUCTION
Itelligent control fosters the dissemination of key technologies and novel theories that advance the development of robot, such as adaptive control, back-stepping control, neural network control, fuzzy control and so on [1]- [5] . As important as robotic mechanical design, intelligent control expands robot capacity of performing complex tasks when it interacts with various unstructured environment [6] , [7] . Nowadays, with increasing needs of social service and industrial manufacture, robots are widely applied in factories, hospitals, families and so on [8] - [11] . Considering robots are coming into human life on many occasions [12] , safe issue cannot be ignored. Moving over safe constrained area will generate collision The associate editor coordinating the review of this manuscript and approving it for publication was Liang Ding . with obstacle outside the safe region, moving over safe speed will also damage robotic mechanical structure, driving gear or electric motor. On the other hand, it will bring human potential threat when human and robot are sharing a common space or performing collaboration tasks, so speed and displacement constraints can not be ignored when we design control strategy. Robot is also a multiple-input-multiple-output (MIMO) nonlinear system [13] , robot dynamics have characteristics such as time-varying, strong-coupled and nonlinear. Coupled with variation of load and disturbance, a precise model can not be acquired by traditional methods, and unknown disturbances will present difficulties in designing controllers. So there exists another above-mentioned problem about robot dynamics. The main issue of this paper is to propose a fuzzy logic control for compensating nonlinear uncertainties of robot dynamics to improve position accuracy, design a disturbance observer (DO) for compensating unknown nonlinear disturbances, and propose a full-state constrained control method based on tBLFs aiming that full-state constraints are not transgressed.
Dynamic uncertainties and external disturbance in practical applications can not be ignored in robotic actual applications and cause scholars extensive attention [14] - [16] . Neural network (NN) technology is an important tool for achieving dynamic compensation [17] . In [18] , NN is utilized in an uncertain robot to solve dynamic uncertainties in full-state feedback control, especially, high gain observer is designed in output feedback control considering that velocity can not be measured directly. In [19] , for a dual-arm cooperating object transporting task, NN is also employed to compensate for dynamic uncertainties to improve positioning precision under cooperative control. In [20] , considering of a manipulator interacting with environment, an adaptive neural impedance control is proposed and input saturation is solved by NN method. Other than NN, fuzzy logic control, which is proposed by L. A. Zadeh [21] , has advantages that it can simulate the human experience and decision behavior in self-learning system, and it is a model-independent method based on fuzzy set theory and is widely utilized in solving unknown nonlinearities and disturbance. [22] focuses on nonlinear systems, and proposes an adaptive feedback controller designed by output feedback via back-stepping and smallgain approach. Similar with [22] , in [23] a back-stepping and stochastic small-gain method is utilized in designing fuzzy logic controller to solve robotic nonlinear uncertainties. In [24] , an adaptive fuzzy control design is proposed for a robotic exoskeleton, a disturbance observer is designed for compensating nonlinear disturbance torques and full-state feedback and output feedback control design strategies are both involved. Generally speaking, fuzzy logic is widely utilized in robotic systems to solve uncertain nonlinear issues and has an ideal performance of handling nonlinear uncertainties.
Disturbance observer (DO) has been extensively developed to solve system unknown disturbance during the past decades [25] , and the objective of designing DO is to deduce unknown or uncertain external disturbance without additional sensor information. In [26] , linear system techniques are employed in friction compensation and a DO design method is proven to be useful by simulations. In [27] , disturbance observer is designed in a flapping wing micro aerial vehicle for compensating unknown disturbances. In [28] , unknown hysteresis is solved by designing a DO in adaptive neural control design.
The researches on adaptive control with output constraints, full-state constraints and input constraints also draw much attention [29] - [33] . In [34] , a time-varying output constraint is considered in a trajectory tracking problem of a 3-DoFs manipulator, disturbance observer is designed to compensate for unknown external disturbances and output constraints are achieved by barrier Lyapunov functions (BLFs). In various constrained control design strategies [35] - [39] , choosing proper BLFs is a significant method to satisfy constrained situation, and there exist many forms of BLFs, such as tangent BLFs (tBLFs), logarithmic BLFs (lBLFs), integral BLFs (iBLFs), secant-type BLFs [40] and cotangent-BLFs [41] . In [42] , a robust adaptive force and motion control is employed to achieve that the force and trajectory of mobile robot with nonholonomic constraints are converging to desired one. In [43] , input saturations, as one kind of input constraints, and output constraints are both considered in controller design and simulation results show that under proposed controller design, input and output constraints are not violated. Some methods are proposed to solve timevary constraints in recent years. In [44] , to prevent that the constraints are overstepped, time-varying asymmetric barrier Lyapunov functions (TABLFs) are employed in each step of the back-stepping design. In [45] , time-varying BLFs is used to overcome the violation of constraints for a n-link robot.
Seen from above literatures, recently researchers are focusing on time-varying asymmetric barrier Lyapunov functions and the constrained situations consist of both input and output constraints. Significant constrained methods are put forward combined with learning methods to compensate for uncertainties, such as neural network and fuzzy logic. The challenge is how to to apply time-varying constrained control design to real mechanical and electrical systems with sensing information to achieve constraints when environment changes.
This paper combines fuzzy logic control strategy with tangent barrier Lyapunov functions (tBLFs) to achieve accurate trajectory tracking and guarantee that full-state constraints are not violated in entire movement, in addition, DO is employed to solve unknown nonlinear disturbances. The main contributions of this paper are summarized as follow:
1) The new point in this paper is that we consider the situation that there exist uncertainties both in robotic dynamics and disturbance, and we propose an integrated constrained strategy involving uncertainties and full-state constraints. Considering of dynamic nonlinear uncertainties and unknown nonlinear disturbances in robotic manipulator, fuzzy logic is designed to compensate for uncertainties in dynamics combining Lyapunov's direct method and back-stepping control strategy, DO is utilized to compensate for unknown disturbances; 2) Tangent-type BLFs (tBLFs) is chosen to ensure that full-state constraints are not transgressed, and all error signals are proven to be semi-globally uniformly bounded (SGUB) in the close-loop system; 3) Simulations are carried out by a simulated 3-DoFs manipulator, proposed control design is compared with Proportional Differential (PD) control and Model-Based (MB) control to show effectiveness of proposed method. The construction of this paper is described as follows: In Section II, a fuzzy logic system is illustrated and the dynamics of manipulators is presented; In Section III, a fuzzy logic control with full-state feedback and DO are developed to solve dynamic nonlinear uncertainties and unknown nonlinear disturbances respectively in this section, tBLFs are chosen to ensure that full-state constraints are not transgressed, and stability analysis is proven that all error signals are SGUB; In Section IV, compared simulation results are carried out to show the tracking performance and constrained validity of our proposed method; Section V concludes the work.
II. PROBLEM FORMULATION A. FUZZY LOGIC SYSTEMS
Consider m fuzzy IF-THEN rules R k : If
· · · , A k n denote the fuzzy set in U, THEN y is W k , W k denotes the fuzzy set in R, where R k represents the k-th rule, 1 ≤ k ≤ m, and (x 1 , x 2 , · · · , x n ) T ∈ U ∈ U n denotes the input and y ∈ R denotes the output of fuzzy logic system, respectively. So we can obtain y as follow [46] :
where µ A k i (x i ) denotes the subordinate function of linguistic variables x i with a Gaussian form
where c ij denotes the central value, σ ij denotes the width of the gaussian. In addition, we define weight factor as = [w 1 , w 2 , · · · , w m ] T and we define the fuzzy basis functions as ψ(
where 1 ≤ j ≤ m. Thus, (1) can be rewritten as
Through above analysis, we can conclude that a continuous function can be estimated by (4) . Therefore, fuzzy logic system can be utilized to estimate the continuous functions f (x i ), i = 1, 2, · · · , n within the scope of any desired bounded errors ν,
where * T denotes an ideal weight vector of fuzzy logic system, ψ(x i ) represents the fuzzy basis function, ν is an unknown but bounded estimated error and it will be described in detail in the next section.
B. DYNAMIC MODEL
We consider an n degree-of-freedom (DoF) manipulator dynamic model in the joint space as follow [47] :
where q,q,q ∈ R n are the joint angular displacement, velocity and acceleration vectors, respectively. M t (q) ∈ R n×n is the symmetric and positive definite inertia matrix, C t (q,q)q ∈ R n is the vector of Coriolis and centripetal torque, G t (q) ∈ R n denotes the vector of the gravitational torque. τ ∈ R n denotes the vector of the control input torque, τ d ∈ R n denotes the vector of unknown disturbance observer in manipulator dynamics, it can be friction disturbance or other forms of unknown disturbance. Definition 1 [48] : Semi-globally uniformly bounded (SGUB): For any compact set i and initial solutions λ(t 0 ) ∈ i , if there exists an ξ > 0 which is unrelated with t, we obtain ||λ(t)|| ≤ ξ for all t ≥ t 0 + T (ξ, λ(t 0 )). We definite the solution λ(t) is SGUB in the manipulated system.
Definition 2: Moore-Penrose inverse: A + is the Moore-Penrose inverse of A, when they satisfy the relationship as follow:
Lemma 1 [49] : (6) is positive definite and symmetric, andṀ t (q) − 2C t (q,q) is skewsymmetric.
Lemma 2 [24] : If continuous and differentiable function is bounded that means ∀t ∈ [t 1 , t 2 ], if (t) satisfies (t) ≤ ξ where ξ is a positive constant, then we can conclude that˙ (t) is in bounds.
III. CONTROL DESIGN WITH FULL-STATE FEEDBACK
Our proposed control design is shown in Fig. 1 . A tBLFbased method is utilized in tracking control design for avoiding full-states constraint violation, fuzzy logic control and DO are utilized to solve nonlinear uncertainties in robotic dynamics and unknown external disturbance, respectively. In the first part of this section, a Model-Based (MB) control with full state feedback is developed considering of full-state constraints. 
A. MODEL-BASED (MB) CONTROL WITH FULL-STATE FEEDBACK
Suppose that the robot's dynamic model is known for control designer, i.e., M t (q), C t (q,q) and G t (q) are known. For convenience of analysis, denoting x 1 = q, x 2 =q, we have the description of the manipulator dynamic model (6) in statespace form: (8) we define x d as desired trajectory in joint space, and we define error signals as
where e 1 denotes joint tracking error, and e 2 denotes velocity tracking error in joint space. For designing DO, an auxiliary variable e 3 is involved and introduced as follow
where (e2) denotes a designed nonlinear function vector. And we also define virtual state varibles α 1 in (9) as
Remark 1: Based on L' Hospital's Rule, we can conclude that lim x→0 1 x sin( πx 2 2k 2 a ) cos( πx 2 2k 2 a ) approaches 0. Thus, we can see that singularity for this term will not occur in (11) .
From (9) we can obtainė 1 = x 2 −ẋ d . Then, the differentiation of e 1 can be calculated aṡ
Differentiating e 2 with respect to time, we havė
Differentiating e 3 with respect to time, we havė
where Y (e 2 ) denotes differentiation of (e 2 ) with respect to e T 2 . For simplification, we assume that (e 2 ) is a linear function, so we can conclude that Y (e 2 ) is a constant under this assumption. We defineė 3 as folloŵ
from (10) to (15) , we obtain the relationship between variable estimated errorẽ 3 and disturbance estimated errorτ d as
Then we can obtainτ d aṡ
Considering a tBLFs V 1 as
Remark 2: The tBLFs V 1 has two essential conditions: V 1 is positive and continuous scalar functions, and it has first-order derivative with respect to time in bounded region; when e 1i approaches k ai , V 1 → ∞, so e 1i will be in bounds of −k ai < e 1i < k ai . Due to e 1i = x 1i − x di , and x di has constrained restricts that |x di | < ζ 1 , where ζ 1 is a positive constant. So we can conclude that state variables x 1i will be in bounds of −k 1i < x 1i < k 1i , where joint state constraints k 1i = k ai + ζ 1 , k ai , k 1i are positive constants.
Then differentiating V 1 with respect to time, we obtaiṅ
Substituting (12) to (19), we can obtaiṅ
Considering a tBLFs V 2 as
Remark 3: Similar to Remark 2, e 2i will be in bounds of −k bi < e 2i < k bi . Due to e 2i = x 2i − α 1i , and α 1i has constrained restricts that |α 1i | < ζ 2 , where ζ 2 is a positive constant. So we can conclude that state variables x 2i will be in bounds of −k 2i < x 2i < k 2i , where velocity state constraints k 2i = k bi + ζ 2 , k bi , k 2i are positive constants.
Differentiating V 2 with respect to time, we obtaiṅ )
Remark 4: We consider a special situation when e 2 = 0, we can see that if e 2 = 0, 22) . The asymptotic stability of the system can be drawn by VOLUME 8, 2020 the Barbalat lemma [51] . In this paper, we consider e 2 = 0 and design controllers (23) and (30) . If M t (x 1 ), C t (x 1 , x 2 ), G t (x 1 ) are available andτ d can be estimated from disturbance observer, the MB control torque τ 0 is designed as
where (e T 2 ) + is Moore-Penrose inverse of e T 2 . Then, we choose another tBLFs V 3 as
Differentiating V 3 with respect to time, we obtaiṅ
.
where ||τ d || ≤ ς , ς denotes a positive constant. Remark 5: According to Lemma 2, we can conclude that
and τ d (t a ) have positive bounds ξ , which can be described as
Substituting (22), (23) to (25), we can obtaiṅ
where
),
We should choose proper gain matrices to ensure λ min (K 1 ) > 0, λ min (K 2 ) > 0 and λ min (K 3 − 1 2 I ) > 0, choose proper Y (e 2 ) to ensure λ min (Y (e 2 )M −1 t (x 1 )−I ) > 0. Then we can conclude that error signals e 1 , e 2 andτ d of the close-loop system are SGUB according to Lemma 2 for ρ 2 and C 2 are positive constants, and full-state constraints are not violated.
B. FUZZY LOGIC CONTROL WITH FULL-STATE FEEDBACK
To address nonlinear uncertainties in manipulator dynamics, M t (x 1 ), C t (x 1 , x 2 ) and G t (x 1 ) are unknown in many situations, we can divide M t (x 1 ) into two parts, which are M t (x 1 ) = M td (x 1 ) + M tu (x 1 ), where M td (x 1 ) denotes known part of inertia matrix, M tu (x 1 ) denotes unknown part of inertia matrix. C t (x 1 , x 2 ) can be divided into two parts which are C t (x 1 , x 2 ) = C td (x 1 , x 2 ) + C tu (x 1 , x 2 ), where C td (x 1 , x 2 ) denotes known part of Coriolis and centripetal matrix, and C tu (x 1 , x 2 ) denotes unknown one. An adaptive fuzzy control is designed in this part. The fuzzy adaptive law is designed aṡ
whereˆ i is the weight estimate of fuzzy logic, i = T i is a positive gain matrix and σ i denotes a small positive constant which is utilized to improve robustness of systems.
where * T is the actual weight of fuzzy logic, the estimation error ν(Z ) is in bounds over the compact set ν , ∀Z ∈ ν , ||ν(Z )|| <ν, withν as a positive constant. Property 2 [52] : (M t (x 1 )α 1 + C tu (x 1 , x 2 )x 2 + G t (x 1 ) + M tu (x 1 )ė 2 − ν(Z )) in (29) can be linearly parameterized as F(x 1 , x 2 ,ė 2 ,α 1 )δ, where F(x 1 , x 2 ,ė 2 ,α 1 ) denotes matrix which is regressive and δ denotes a system characteristic parameter.
According to Remark 4, we design the fuzzy logic control torque τ f as follows
We rewrite (13) combining with (29) aṡ
We define an assistant variable e 4 as follow:
Differentiating e 4 yieldṡ
where R(e 2 ) denotes differentiation of χ (e 2 ) with respect to e T 2 . For simplification, we assume that χ (e 2 ) is a linear function, so we can conclude that R(e 2 ) is a constant under this assumption. And we introduceė 4 as folloẇ
whereê 4 denotes the estimation of e 4 . Due to (32), we can obtainτ
According to (32) , (35) , we can obtain that
Then we can obtainτ d aṡ (37) we consider the following tBLFs V 4 as
where˜ i denotes the fuzzy weight error. Remark 7: For error bound parameter vectors k ai and k bi and state bounds k 1i and k 2i , we can choose them according to the actual conditions. In different situations, we should choose different constraints. For example: when a robot is working on a space-limited space, we need to record the position of the end-effector and calculate the length, width and height of the room. Therefore, we can obtain k 1i since we need to avoid collision. For the speed of the robot, we can get the appropriate speed limit according to the robotic manual. The two parameters are just the constraints of position and velocity in Cartesian space or joint space, and are no direct connection between the system stability.
Differentiating V 4 yields:
there exists some necessary inequality relationships shown as below
from above inequality, we can conclude thaṫ
where ρ 4 and C 4 denote
where ι is an adjusting positive parameter, and r denotes the positive bound of ψ(Z ), where ψ(Z ) ≤ r. We should ensure that λ min (K 1 ) > 0, λ min (K 2 ) > 0, λ min (K 3 − I ) > 0, λ min (R(e 2 )M −1 td (x 1 ) − I − ||R(e 2 )M −1 td (x 1 )|| 2 ι ) > 0, and λ max ( −1 i ) > 0. Theorem 1: For each compact set 0 , the initial conditions x 1i (0) and x 2i (0) are in bounds, the control (30) with |x 1i (0)| ≤ k 1i , |x 2i (0)| ≤ k 2i guarantees that the closed-loop system is semi-globally uniformly bounded (SGUB) and fullstate constraints are not transgressed, ∀t > 0, |x 1i (t)| ≤ k 1i , |x 2i (t)| ≤ k 2i . The closed-loop error signals e 1 , e 2 remain in the compact set, e 1 , e 2 , and the weight error˜ and the disturbance observer errorτ d remain in the compact set ˜ ,
where D = 2(V 4 (0) + C 4 /ρ 4 ) with positive constants C 4 and ρ 4 given in (42) . Proof: Multiplying (41) by e ρ 4 t , we can obtain d dt
Integrating (44) we obtain
for e 1 , we can conclude that
according to the above formula, we obtain
Similarly to e 1i , we obtain e 2i , i andτ d and according to (45) as
so we can conclude that e 1 , e 2 remain in the compact set, e 1 , e 2 , the weight error˜ and disturbance observer errorτ d remain in the compact set ˜ , τ d , respectively. 
IV. SIMULATION
In simulation part, we consider a two-link revolute joint and one prismatic joint manipulator as shown in Fig. 2 and disturbance observer is employed in the simulation process. m r and l r denote the mass and length of link r, respectively. l cr denotes the distance from joint r − 1 to the mass center of link r, and I r denotes the moment of Inertia of link r. The simulation parameter values are chosen as: m 1 = 2.00kg, m 2 = 2.00kg, m 3 = 1.00kg, l 1 = 0.30m, l 2 = 0.40m, l 3 = 0.50m, l c1 = 0.15m, l c2 = 0.20m, l c3 = 0.25m, We define x 1 = [q 1 , q 2 , d 3 ] T , x 2 = [q 1 ,q 2 ,ḋ 3 ] T , where q 1 denotes the first revolute joint angle, q 2 denotes the second revolute joint angle, d 3 denotes translational displacement of prismatic joint. We define tracking trajectory x d (t) as follow 1] , the initial value of the fuzzy weight factor is set as zero. i is selected as 10I 2 12 ×2 12 . And the disturbance τ d is set as [(sin(t)+1) Nm, (2cos(t)+0.5) Nm, (2sin(t)+1) Nm] T . In this simulation part, we analysis the tracking performance under our proposed method to prove the effectiveness of the fuzzy logic and the disturbance observer. Compared simulations with full-state constraints and without constraints illustrate that full-state constraints are not transgressed under our proposed controller. Finally, we compare our proposed method with MB control and PD control to show the effectiveness of our proposed method. 
A. FUZZY LOGIC CONTROL WITH FULL-STATE CONSTRAINTS
In this part, fuzzy logic control with full-state constraints is involved. Full-state constraints are set to maintain tracking error e 1 and e 2 in bounds, and make sure that state variables are also constrained into a given region. k a1 , k a2 and k a3 are set as 0.002 rad, 0.005 rad, 0.01 m, respectively, and k b1 , k b2 and k b3 are set as 0.05 rad/s, 0.1 rad/s, 0.15 m/s, respectively. The gain parameters are set as K 1 = diag [35, 35, 35] , [32, 32, 32] , K 3 = diag [42, 42, 42] . Fig. 3 (a) and Fig. 4(a) , Fig. 5(a) show the position tracking performance with and without constraints, Fig. 3(b) and Fig. 4(b) , Fig. 5(b) show the velocity tracking performance with and without constraints, all error signals under our proposed method are not transgressed to the constraints, and the tracking errors converge to a small region around zero if initial states are in bounds. Fig. 6 shows that control efforts with and without full state constraints are in proper bounds and Fig. 7 shows the comparative tracking performance between adaptive fuzzy logic control with and without constraints. Also we can conclude that tracking error e 1 and e 2 will converge to a small neighborhood of zero and manipulator can track the desired trajectory x d considering of manipulator dynamics uncertainties. Fig. 8 shows that the estimated errorsτ d1 ,τ d2 andτ d3 between disturbance observer and disturbance are converging to a small neighborhood of zero. We can find that although the state variables can track the desired states with or without constraints, the tracking errors without constraints are larger than errors in fuzzy control control with full-state constraints, and the constraints are violated under the control without constraints.
B. TRACKING PERFORMANCE COMPARED WITH MB AND PD CONTROL
For proving effectiveness of our proposed method, we consider tracking a step signal for the third prismatic joint d 3 . We set the initial position as d 3 (0) = 0 m,ḋ 3 (0) = 0 m/s and desired target position as d d3 = 0.3 m,ḋ d3 = 0 m/s. We design a PD control torque as τ pd = −K p is required into the constrained region, and in this case, we set constraints as k a3 = 0.01 m and k b3 = 0.15 m/s. As shown in Fig. 9 and Fig. 10 , overshoot of fuzzy logic control is smaller than PD control, and rise time of the former is a little quicker. The performance of fuzzy logic control is good enough and steady-state error is converging to small compact set of zero. However, for PD control, it is hard to track the desired trajectory in displacement tracking or velocity tracking processes. The proposed fuzzy logic control with full state constraints can guarantee stability of the system with small overshoot, quick rise time and small enough steadystate error, the tracking performance of proposed method is similar with MB control performance. Obviously, PD control exists the irregular tracking signal. Therefore it will be hard for PD control to guarantee good performance of the closeloop system when some parameters of control gains and constraints have been changed. The compared results show that, fuzzy logic control, similar with MB control, is more effective in suppression of overshoot, reducing tracking error, and it has an obvious advantage in tracking processes considering unknown nonlinear dynamics of robotic system and proposed disturbance observer is feasible in compensating unknown disturbance. And we can conclude that constraints are not violated under the control with our proposed method.
V. CONCLUSION
This paper has proposed a fuzzy logic control strategy for solving trajectory tracking control issues of an uncertain manipulator considering unknown disturbance. Fuzzy logic has been employed to compensate for nonlinear uncertainties in manipulator dynamics and full-state constraints are set in full-state feedback controller design with the purpose of ensuring motion constraints during movement processes. We have designed disturbance observer (DO) to counteract unknown nonlinear disturbances caused by friction force or other various forms of unknown disturbance. Combining with back-stepping method and Lyapunov direct method, the proposed control design can ensure error signals in closed-loop system semi-globally uniformly bounded (SGUB). In view of safe operation, tangent barrier Lyapunov function (tBLF) candidates have been chosen to maintain joint angle and velocity in a predefined constrained region and range in tracking processes. Finally, compared simulation results have been carried out to show the effectiveness of our proposed control strategy. In our future work, we will focus on timevarying constrained systems and solve the problem on controller design of asymmetric time-varying constraints. And we will focus on more constrained situations, such as: input delay [53] , and try to solve the issue considering both input and state constraints. We will also focus on obtaining the optimal parameters by optimal algorithms in future work. 
